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: I. STATEMENT OF THE PROBLEM

The propagation of electromagnetic waves in snow at microwave and
millimeter wave frequencies is affected by volume scattering. Snow is a
dense nontenuous medium., In a dense medium, the particles occupy an
appreciable fractional volume., In a nontenuous medium, the permittivities
of the particles are significantly different from that of the background
medium. Our studies are directed towards baslc theoretical investigations
on effects of multiple scattering of waves in dense nontenuous media. We
apply the theory to study the characteristics of coherent and incoherent
waves in snow at microwave and millimeter wave frequencies.

II. SUMMARY OF IMPORTANT RESULTS

A, Dense Media Radiative Transfer Equation

Snow can be characterized as dense media. We have made progress
in the study of active and passive microwave remote sensing of dense media.
In a dense nontenuous medium, the classical radiative transfer theory,
which {3 based on the assumption of independent scattering, is not valid.
A set of transfer equations has been derived for dense nontenuous media.
The derivation is bvased on field theory under the quasi-crystalline
approximation with coherent potential on the first moment of the field and
the modified ladder approximation on the second moment of the field. These
equations are called radiative wave equations. They include a summation of
all the ladder terms and assume a form that is identical to the classical
transfer equations. However, the relations of the extinction coefficient,
the scattering coefficlent, the albedo, and the phase functions to the
physical parameters of the medium are modified to include the effects of
dense media., The new equations still preserve the advantages that (i)
multiple scattering of the incoherent intensities are included, (ii) energy
conservation and reciprocity are obeyed, and (iii) the form of the
equations remains the same as the conventional transfer equations so that
numerical solutions are calculated in the same manner. In addition, the
dense media transfer equation takes into account (i) scattering by
correlated scatterers, (ii) pair-distributicn function of scatterer
pnsitinns, and (1ii) the effective propagatinn constant »f a dense medium,

Numerical solutions of the dense-media radiative wive equatinns are
illustrated as a function of incident angles, scatter=2d anglas, and
pnysical parameters of the medium. We have derived the radiative wave
equatinnsg for the scalar wave problem, for the vector elactromagnetiz
propagation of the active remote sensing problem, and for the passive
remote sensing problem, The results of passive remote sensing have found
good agreement with measurements of snow,

Polarimetric signatures are also calculated. Presently, we are
extending the model tn study high frequency effects as well as media with
multi-species of particles,
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B. Backscattering Enhancement

Backscattering enhancement has been observed in laboratory
controlled experiments of scattering from discrete particles. The effect
is not contained in the ladder approximation nor in the radiative transfer
theory because the cyclical diagrams which contribute significantly in the
backscattering direction have been ignored. We have first examined
backscattering enhancement by a second-order cyclical theory and have
completed a study based on the resummation of all the cycllical diagrams.
For the case of small scatterers or Rayleigh scatterers, the theory
predicts a sharp peak in the backscattering direction of angular width of
the order 2K"/K' where K' and K" are the real and imaginary parts,
respectively, of the effective propagation constant. A modified cyclical
resummation, which includes the correlation of particle positions for dense
media with small particles, has also been performed.

For the case of moderate-saize particles, the scattering 1is
non-i{sotropic. We studied the backscattering enhancement of waves by
nonisotroplc scatterers. Multiple scattering effects are included by
examining the summation of all the ladder terms and all the cyclical terms.
If the observation angle is in the neighborhood of the backscattering
direction, it 1is shown that both summations can be related to the
unidirectional point source Green's function of the transport equation.
For the case of small albedo or small optical thickness, the second-order
theory is applied to calculate the Green's function., The angular width of
backscattering enhancement in this case is of the order of the coherent
wave attenuation rate divided by the wavenumber. For the case of large
albedo and large optical thickness, the diffusion approximation is used to
calculate the Green's function. For this case, the angular width is of the
order of the transport rate divided by the wavenumber, The transport rate
is equal to the product of the coherent wave attenuatinn rate and one minus
the mean cosine of the scattering angle. Hence, the angular width is
substantially smaller for particles with dominant forward scattering and is
in good agreement with experimental observations. Presently, we are
extending the diffusion approximation to the case of vector cyclieal
equations and also that of beam propagation, The effects of
pair-distribution functions are also investigated.

C. Inverse Problems in Random Media

The inverse source problem of the scalar wave ejuatinn far a
monochromatic source is generalized t» the 2asz »f an Iinhomogenenus
attenuative medium, The attenuative medium can be a 1nssless random medium
or a lossy deterministic medium in which the coherent field attenuates.
Twn generalized holngraphic imaging equations are »btained based on the
usage of two Green's function G* and G_. The kernel >f the first equatinon
with G * is Hermitian and depends on the lncatinsn and shape of the
recording surface while the equation G- has a non-Hermitian kernel that is
independent of the recording surface, The solutions of the integral
equations are investigated. The nonuniqueness of the solutions are also
related to the nonradiating sources and to the minimum energy sonlution.
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. D. Conventional Transport Theory

We have investigated the small-angle approximation to discrete
random media for the transport theory. Studies were performed for both
plane wave and beam wave solutions. It is found that for particles with an
index of refraction close to 1 and a size parameter larger than 10, the
agreement is excellent. However, for optical propagation through fog, the
difference between the radiative transfer and small-angle approximation can
be more than 30%.

|
R A T T 5 BRI




PN TN N W T

_[ R caRRRges W TN T R T WY s

4

III. LIST OF MANUSCRIPTS SUBMITTED OR PUBLISHED UNDER ARO SPONSORSHIP
DURING THIS PERIOD

1. L. Tsang and A. Ishimaru, "Radiative wave and cyclical transfer
equations for dense nontenuous media," Journal of the Optical Society
of America A, 2(12), 2187-2194, December 1985,

2. L. Tsang and A. Ishimaru, "Radiative wave equations for vector
electromagnetic propagation in dense nontenuous media," Journal of
Electromagnetic Waves and Applications, 1(1), 59-72,1987.

3. L. Tsang, "Passive remote sensing of dense nontenuous media," Journal
of Electromagnetic Waves and Applications, 1(2), 159-173, 1987.

4, L. Tsang, A. Ishimaru, R. P. Porter, and D. Rouseff, "Holography and
the inverse source problem. III. Inhomogeneous attenuative media,”
Journal of the Optical Society of America A, 4(9), 1783-1787, September
1987.

5. S. L. Broschat, L. Tsang, A. Ishimaru, and E. I. Thorsos, "A numerical
comparison of the phase perturbation, field perturbation, and Kirchhoff
approximations for random rough surface scattering," in press, Journal
of Electromagnetic Waves and Applications.

6. A. Ishimaru and L. Tsang, "Backscattering enhancement of random
discrete scatterers of moderate sizes," in press, Journal of the
Optical Society of America.

IV. PAPER PRESENTATIONS AT MEETINGS DURING THIS PERIOD

1. L. Tsang and A, Ishimaru, "Radiative Transfer Equations Modified for
Application to Dense Nontenuous Media," International Union of Radin
Science Meeting, Commissions B & F, Boulder, Cnlorado, January 1986.

2. L. Tsang, "Passive Remote Sensing of Terrain with a Dense Distributinn
of Particles,"” International Union of Radio Science Meeting, Commission
F, Philadelphia, Pennsylvania, June 1986,

3. Y. Kuga, A, Ishimaru, H.-W. Chang, and L. Tsang, "Comparisnns Between
the Small-Angle Approximation and tne Numerical 3nlutinn for Radiative
Transfer Theory," Optlcal 3nciat; »f America Annual Meeting, Seatnls,
Washington, October 1986,

4, S.-H. Lou, Y. Kuga, L. Tsang, and A, Ishimaru, "Laser Beam Propagation
Through Turbid Media Using Small-Angle Approximation for Radiative
Transfer Egquations," Optical 3ociety »f America Annual Meeting,
Seattle, Washington, October 1986.

5. L. Tsang and A. Ishimaru, "Backscattering Enhancement f»or Random
Discrete Scatterers »f Moderate Size," Internatinnal Uninn of Radin
Science Meeting, Boulder, Coloradn, January 1987.

|
;
1

G N T T e ey ey Ay ~ A
. m«‘mmm..-c..m\tn.{lg.-rl*?xh{..-c-.f.-.tursq-tnJ



. 6.

5

L. Tsang and B. Wen, "Conventional and New Radiative Transfer Equations
for Volume Scattering in Geophysical Media,"™ 1987 International
Geoscience and Remote Sensing Symposium and International Union of
Radio Science Commission F Meeting, University of Michigan, Ann Arbor,
Michigan, May 1987,

D. P. Winebrenner, L. Tsang, and B, Wen, "Polarimetric Signatures and
Incoherent Geophysical Information in Remote Sensing of Natural Media,"
1987 International Geosclence and Remote Sensing Symposium and
International Union of Radio Science Commission F Meeting, University
of Michigan, Ann Arbor, Michigan, May 1987.

PARTICIPATING SCIENTIFIC PERSONNEL

Leung Tsang Principal Investigator

Yasuo Kuga Research Assistant Professor, Investigator
Boheng Wen Research Assistant (Ph.D. expected June 1988)
Kung-Hau Ding Research Assistant (Ph.D. expected December 1988)
Shu-Hsiang Lou Research Assistant (Ph.D. expected June 1989)
Charles Mandt Research Asslistant (Ph.D. expected June 1989)



m‘ﬂ'-’-“mm“ww-m“
L. Teang and A. Ishimaru Vol. 2, No. 12/Decomber 1968/J. Opt. Soc. Am. A 2187

Radiative wave and cyclical transfer equations for dense
nontenuous media

Leung Tsang and Akire ishimaru
Department of Electrical Engineering, University of Washington, Seattle, Washington 96195
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nontsnuous medium, the classical radiative-tranafer theory, which is based on the assumption of independent
scattering, isnot valid. In this peper, a set of tranafer equations hes been derived for dense nontenuous media. The
derivation is based on field theory under the quasi-crystalling appeoximation with coberent potential on the first
moment of the fleld and the modified ladder approximation on the second moment of the field. Thees squations are
called redistive wave squations. They include a summation of all the ladder terms and assume s form that is
identical to the classical transfer equations. However, the relations of the extinction cosfficient, the scattering
coefficient, the albedo, and the phase functions to the physical parameters of the medium are modified to include
the effects of dense media. Numerical solutions of the dense-media radiative wave equetions are {llustrated es &
function of incident angles, ecattered angles, and physical parameters of the medium. The backncettering-
enhancement phenomencn
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Radiative Wave Equations for Vector Electromagnetic Propagation

in Dense Nontenuous Media

Leung Tsang and Akira Ishimaru

Department of Electrical Engineering
University of Washington
Seattle, WA 98195, USA

Abstract~ A set of radiative wave equations including all four Stokes parameters is derived
for vector electromagnetic wave propagation in dense nontenuous media. The derivation is
based on the quasi-crystalline approximation with coherent potential on the first moment
of the field, and the modified ladder approximation on the second moment of the field.
These two approximations are shown to be energetically consistent for dense nontenuous
media. To simplify the derivation of the radiative wave equations, the model of small
spherical scatterers is used. The derived radiative wave equations assume the same form
as the classical radiative transfer equations. However, the relations of the extinction rate,
the albedo and the phase matrix to the physical parameters of the media include the
effects of dense media and can be different from the classical relations of independent
scattering.

INTRODUCTION

In a dense medium, the particles occupy an appreciable fractional volume. In
a nontenuous medium, the dielectric properties of the particles are significantly
different from that of the background medium. In recent years, studies have
been made in the propagation and scattering of waves in dense nontenuous media
with applications to geophysical terrain such as snow, ice-covered land, soil and
vegetation [1-9]. In a dense nontenuous medium, the assumption of independent
scattering, that is often used in radiative transfer theory ;10', is not valid. The
model of a continuous random medium, that has been applied to turbulent media
with a small refractive index fluctuation 11} is not appropriate and the discrete
scatterer model is to be preferred. Differences between continuous medium theory
and discrete scatterer theory have also been discussed 12!

To reconcile the radiative transfer theory and the analytic wave theory, it is
possible to derive radiative transfer type equations from the second moment equa-
tion of the analytic wave theory {8,12]. These types of equations are similar in
form to the classical transfer equation. We call them radiative wave equations to
distinguish them from the classical radiative transfer equations because (1) they
are derived from wave theory and not heuristic and (2) they often correct the
deficiencies of the classical transfer equation when the latter is not valid. In such
cases, major differences exist between the radiative wave equations and the clas-
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Passive Remote Sensing of Dense Nontenuous Media

L. Tsang

Department of Electrical Bagineering
University of Washington
Seattle, WA 98198, USA

Abstract- The thermal microwave emission of media with dense distribution of particles
is studied. A general relation, that holds for media with nonuniform as well as uniform
temperature distribution, is first derived between active and passive remote sensing. The
brightness temperature of passive sensing is proportional to the integration of the product
of the temperature distribution and the divergence of the Poynting’s vector of active sens-
ing. The governing radiative transfer equations for passive remote sensing of dense media
are then derived by reference to the corresponding radiative wave equations for active
sensing. The radiative wave equations are based on quasicrystalline approzimation with
coherent potential for the first moment of the field and a modified ladder approximation
for the second moment of the field. The numerical results for classical radiative transfer
theory and the dense media transfer theory are compared. The theory is also used to
compare with brightness temperature measurements over a snow field.

L. INTRODUCTION

In recent years, studies have been made in the propagation and scattering of
waves in dense nontenuous media with applications to geophysical terrain such as
snow, ice-covered land, soil and vegetation {1-10]. In a dense nontenuous medium,
the assumption of independent scattering, that is often used in classical radiative
transfer theory, (11] is not valid. To reconcile the radiative transfer theory and the
analytic wave theory, it is possible to derive radiative transfer type equations from
the second moment equation of the analytic wave theory [9, 12]. We call them
radiative wave equations to distinguish them from the classical radiative transfer
equations because (1) they are derived from wave theory and not heuristically,
and (2) they often correct the deficiencies of the classical transfer equation when
the latter is not valid.

In this paper, a set of radiative wave equations is derived for passive remote
sensing of media with a dense distribution of particles. A general relation is
first derived between active and passive remote sensing, that holds for media with
ponuniform as well as uniform temperature distribution. By using the fluctuation-
dissipation theorem [9] and the symmetry relation of Green's functions, it is shown
that the brightness temperature of passive sensing is proportional to the integra-
tion of the product of the temperature distribution and the divergence of the
Poynting’s vector of active sensing. The governing radiative wave equations for
passive sensing are next derived by reference to the corresponding equations that
were derived for active sensing in a previous paper ‘13]. The radiative wave equa-
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Holography and the inverse source problem.
III. Inhomogeneous attenuative media

Leung Tsang, Akira Ishimaru, Robert P. Porter, and Daniel Rouseff
Depariment of Electrical Engineering. University of Washington, Seattle. Washington 98195

Received November 5, 1986: accepted April 21, 1987

The inverse source problem of the scalar wave equation for a8 monochromatic source is generalized to the case of an
inhomogeneous attenuative medium. The attenuative medium can be a lossy deterministic medium or a lossless
random medium in which the coherent field attenuates. Two generalized holographic imaging equations are
obtained that are based on the use of two Green's functions, G.* and G—. The kernel for the first equation with G.*
is Hermitian and depends on the location and the shape of the recording surface, whereas the equation with G_ has a
non-Hermitian kernel that is independent of the recording surface. The solutions of the integral equations are
investigated. The nonuniqueness of the solutions are also reiated to the nonradiating sources and to the minimum

energy solution.

INTRODUCTION

A problem that arises in optics and acoustics is the inverse
source problem,!~ the solution of which consists of deducing
the source from measurements of the radiated field per-
formed outside the volume containing the source. The in-
verse source problem is usually formulated in terms of inte-
gral equations relating the source to some quantity calculat-
ed from the measured fields. Such equations are sometimes
called generalized holographic-imaging equations. Studies
have also been made on the uniqueness of the solution of the
integral equation, which has been related to the possible
existence of nonradiating sources.>% Previous treatment of
the inverse source problem has assumed the medium to be

. smogeneous and lossless. Recently, an extension has been
made to the case in which the medium is inhomogeneous and
nonabsorbing.’

In many practical situations, the background medium is
lossy. Absorption effects are often important in optics, mi-
crowaves, and acoustics. For the case of wave propagation
in random media.}? the coherent wave propagates in an
effective medium and attenuates with distance. In this pa-
per we generalize the resuits of the inverse source problem of
Refs. 4 and 7 to an inhomogeneous attenuative medium.
Two integral equations are obtained that are based on the
use of two Green’s functions. In the first case, the backprop-
agated wave attenuates back to the source region. The
kernel is complex Hermitian. However, it is dependent on
the location and the shape of the recording surface. The
mathematical development in this case is similar to that of
Ref. 7. In the second case the backpropagated wave grows
back to the source region. The kernel is independent of the
location and the shape of the recording surface, which has to
lie outside the source region. However, the kernel is com-
plex non-Hermitian. The solutions of the two integral
equations are investigated. The nonuniqueness of the solu-
tions is also related to the nonradiating sources and to the
minimum energy sources.

0740-3232/87/091783-06802.00

PROBLEM STATEMENT

We consider the inverse source problem for a localized
monochromatic source p(r) embedded in an inhomogeneous
attenuative medium. The wave equation is

[T2 + k’n*(D)]Y(r) = —p(r), (n

where & is the free-space wave number. The index of re-
fraction is a complex quantity and is a function of position:

n(r) = n’(r) + in"(r), 2)

with n’(r) > 0 and n”(r) 2 0. Superscript primes and dou-
ble primes are used to denote the real and imaginary parts,
respectively. The source region is r, and the recording sur-
face X is outside the source region. The wave function ¢ and
its normal derivative are known on the recording surface.

There are two Green's functions G.(r, r) and G.(r, )
associated with the medium. The Green's function G de-
notes an outgoing attenuative wave from a point source, and
the Green's function G- represents an incoming growing
wave.

[T+ ky'n*ie)|G ot p) = =ir — 1), 3
[T+ ky’n*(0)|G_(r. r) = =5(r - r). (4

It then follows that the wave function ¢ is

Y(r) =} dr'G.(r. r)o(r). (3)

14

For the case in which the medium is homogeneous with nir)
= ng, the Green's functions Go. and G- are. respectively,
explikle - ¢l

Goolr. ) = explikir = r'l)

(6)
4rie - r|

Golr.p) = expt—iklr - rl)
5T, expimizr=ry,

(]
4xir ~ |

with
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A Numerical Comparison of the Phase Perturbation,
Field Perturbation, and Kirchhoff Approximations
for Random Rough Surface Scattering

Shira Lynn Broschat

Applied Physics Laboratory and Department of Electrical Engineering
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Leung Tsang and Akira Ishimaru
Department of Electrical Engineering
University of Washington

Seattle, WA 98195
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Running head: Numerical comparison of rough surface scattering methods
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ABSTRACT — The phase perturbation technique is a method for treating wave scattering from
rough surfaces. Winebrenner and Ishimaru showed that the phase perturbation expressions for
the reflection and backscattering coefficients reduce to those of classical field perturbation theory

o AMRHE. S & A B A R MR IE = a &

for small surface roughness. Their analysis also indicated that the reflection coefficient reduces
exactly and the backscattering coefficient approximately to those of the Kirchhoff approximation
for gently undulating surfaces. We numerically verify these results for a one-dimensional surface
with Gaussian surface spectrum satisfying Dirichiet boundary conditions. We find that the phase
perturbation backscattering coefficient reduces numerically to that of Kirchhoff over a large range
of parameter values when the Kirchhoff approximation is considered to be valid. In addition, the
phase perturbation results differ from the field perturbation and Kirchhoff results when neither

classical method is expected to give accurate results. Energy conservation is also considered.

perturbation methods
Kirchhoff approximation
rough surface scattering

wave scattering

random Gaussian surfaces
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BACKSCATTERING ENHANCEMENT OF RANDOM DISCRETE

SCATTERERS OF MODERATE SIZES

by

Akira Ishimaru and Leung Tsang

Department of Electrical Engineering
University of Washington

Seattle, Washington 98195

Abstract:

The scattering of waves by particles of moderate size is
nonisotropic. In this paper, the backscattering enhancement of
scattering of waves by nonisotropic scatterers is studied. Multiple
scattering effects are included by examining the summation of all the
tadder terms and all the cyclical terms. If the observation angle is in
the neighborhood of the backscattering direction, it is shown that both
summations can be related to the unidirectional point source Green's
function of the transport equation. For the case of small albedo or
small optical thickness, the second orcer theory is applied tO calculate
the Green's functicn. The angular width of backscattering enhancement in
this case is of the order of the coherent wave attenuaticn rate divided
ny the wavenumber. For tne case of large albedo anc large optical
thickness, the diffusion approximation is used to calculate the Green's
function. For this case, the angular width is of the corder of the
transport rate divided by the wavenumber. The transport rate is equal to
the product of the coherent wave attenuation rate and cone minus the mean
ccsine of the scattering angle. Hence, the angular wilth {s substan-
tially smaller for particles with dominant forward scattering and is in
good agreement with experimental observations.
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Bl1/P4~5 RADIATIVE TRANSFER EQUATIONS MODIFIED FOR
1020 APPLICATION TO DENSE NONTENUOUS MEDIA
Leung Tsang and Akira Ishimaru
Departaent of Electrical Engineering
Univeraity of Washington
Seattle, WA 98195

The classical radiative transfer equation has bdbeen used
extensively in studying volume scattering in remote sensing
problems. The advantages of using the radiative transfer
theory are that (i) multiple scattering of the incoherent
intensities are included in the theory, (i1) energy conser-
vation i3 satisfled, and (iii1) numerical solutions are
tractable. However, the transfer esquation, in its classical
form, {s not applicadble for dense nontenuous media.

In a dense medium, the particles occupy an appreciable
fractional volume. In a nontenuous medium, the permittivity
of the particles 1is significantly different from that of the
background medium. In a dense nontenuous medium, the
assumption of independent scattering of the particles no
longer holds so that the classical transfer equation is not
valid. In this paper, we deri{ve a set of "new" transfer
equations from analytic wave theory. The approximations
made on the analytic wave theory are (1) quasi-crystalline
approximation with coherent potential on the first moment of
the fleld and (1i1) a modified ladder approximation for the
second moment of the field. These two approximations are
shown to satisfy energy conservation. The differences
between the "new" set of transfer equations and the
classical ones will be discussed. Both the scalar wave
equations and the vector electromagnetic propagation will be
studied.
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PASSIVE REMOTE SENSING OF TERRAIN WITH A
DENSE DISTRIBUTION OF PARTICLES

Leung Tsang
Departuent of Electrical Engineering
University of Washington
Seattle, Washington 98195

Passive remote sensing has been applied to terrain media
where particles are densely distributed. The radiative transfer
equation, in its classical form, has been commonly used to study
the volume scattering effects of these problems. However, it has
been demonstrated, doth experimentally and theoretically, that
independent scattering is not true in media with a denso
distribution of particles, and the classical radiative transafer
equation is not valid.

Recently, a set of "new"™ transfer equations has been derived
from analytic wave theory for dense media. The differences
between the "new" set of transfer equations and the classical
ones will be discussed. The new equations still preserve the
advantages that (i) multiple scattering of the incoherent
intensities are included, (ii) energy conservation is satisfied,
and (1ii) numerical solutions are tractable. Numerical results
of the brightness temperatures based on the theory will be
illustrated using the physical parameters of the terrain media.

Commission F: Remote Sensing Theory

Presented at the National Radio Science Meeting, Philadelphia,
Pennsylvania, June 1986.
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medium with an index of refraction much greater
than the surrounding medhum is not well known. in

because of te mathematical simpiicity.

Friday AFTERNOON We frst investigate 1he vaildity of the assump-
24 October 1906 n tion using the Mie soltion. We then present the
RAINER ROOM numerical results of the plans wave case for differ-

ont vaiuss of size parameter, index of refraction,
1:00 PM  Atmespheric Opties
James H. Churmeide, NOAA ERL Wave
Propagation Laboratory, Presider

FL1  Atmespheris lsoplanatie angle meemwe-
menio

small-angle

for heory is exceliant when the index of refraction
is ciose 10 1 and the size parameter is larger than
10. However, for optical weve propagation

OONALD L. WALTERS, KURT 8. STEVENS, Navel
Postgraduste School, Physice Department, Monte-
rey, CA 93043,

A Depan-
ment of Electrical Engineering, Seattle, WA 98196.

Lagser bsam propagation hvough fog or cloud is
& problem of considerable interest. Alhough nu-
maerical solutions of the radiative trunsfer equation
are available for the case of plane wave incidence,
only very few numerical solutions are caiculsted
for the beam wave case because of the formidable
amount of computation time required. The smell-
angle approximation has been shown t0 be useful
for lightwave propagation in turbulent media where
the variance of index of refraction fluctuations is
smail. However, its applicability to trbdid media
with discrete scatterers is not clear because of the
much larger contrast in the index of refraction.
The smaii-angle approximation is used to caiculate
the beam wave soiution through foggy atmos-
pheres at visible wavelengths. The Henyey-
Greenstein phase function is used o describe the
scattering cheracteristics of the particles. The
mutual coherence function is first caiculated and
then the intensity and the specific intensities are
caiculated. Numerical resuits are illustrated as a
function of optical thickness and the mean cosine
of scaftering angles. They are compared with
avaliable exact numerical soiutions of the trans-
port equations and are also used 1o explain the
results observed in iaboratary experimental data.

spheric isoplanatic angle. The location of the
atrmospheric jet stream is the moet significant foro-
ing function. (12 min)

FL2 Photoscoustic measurements of atme-
ophoric sercesl abeerplien ceeificients in the ul-
traviclet, visible, and infvared

DEBBY C. RAMSEY-BELL, DONALD R. HUFFMAN,
U. Arizona, Atmospheric Sciences Department,
Tucson, AZ 85721.

Atmospheric particies affect the gioba! cfimate
by absorbing and scattering slectromagnetic radie-
tion. Knowiledge of their optical properties at so-
lar waveiongthe (0.3-4 um) and terrestrial wave-
longthe (8-20 um) is needed. Photoecoustic mee-
surements using broadband visible light have been
previously made, resulting in values for the atmo-
spheric aerosol absorption coefficient of 1 X 10~7
m~'' The photoacoustic instrument has been
moditied for narrowbend measurements in the ul-

traviolet through infrared regions. Absorption co- (12 min)
officient spectra have been obtained for atmo-
spheric particulates collected at mountain aititudes
and in Tucson, Arizona. This information hes FLS Power spectra of turbulence-induced

been used for ident fication of the absorbing mate- W aVefront aberrations and optical path difference

rial.

Spectral differences are found for samples col-
lected in urban and remote locations. Differences
are also, seen in spectra tor small particies (<0.4
large particles (>0.4 um). (12 min)

R. R. BUTTS, J. F. RIKER, R&D Associates, 105 E.
Vermijo, Colorado Springs, CO 80903.

When a point source radiates wavefronts which
traverse & turbuient atmosphere, the rsceived
wavefronts will contain aberrations which vary in
. C. Ramaey-Beil and G. Couture, Appl. Opt. time. In addition, if several point sources radiate
24, 2397 {190Y. ~ in an array configuration, the resuiting wavefronts

wifl contain optical path differences. As a result,
3 Comparieons detween the small-angle ap-

the phase profiles incident on an unobscured col-
proximation and the numaerical solution for radls- 1ecting aperture will be distorted in a time-varying
tive traneter theory

pattern.

We have expanded the phase profile in a basis
set of Zernike polynomials and computed the pow-
or Spectrum appropriate to each polynomiai coeffi-
cient. The technique used incorporates Parse-
val's identity to allow evaluation of certain inner
products in the frequency domain. This allows us
10 simplify the analysis congiderably and t0 extend
it to arbitrary orders of basie set polynomiais.

We have written a cCOmputer program to quickly
ovaluale the specra for relatively low-order aber-
retions in various conditiong, and we present some
of those results. (12 min)

YASUO KUGA, AKIRA ISHIMARU, HUNG-WEN
CHANG, LEUNG TSANG, U. Washington, Depart-
ment of Electrical Engineering, Seattie. WA 98195,

The smatl-angle approximation for the radiative
transtfer theory is based on the assumption that the
scattered wave is confined within a small angle in
the forward direction. This assumption is general-
ly valid for the turbulence case in which the turbu-
lonoe size is much grester than the wavelength and
he index of refraction ie Close 10 1.  However, the
validity of this assumption for a discrete random
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FLS Pundemontal twe-ecale sohulion for & wave
prepageiing n & randem medium

JOSEPH GOZAN!, Tel Aviv U., Faculty of Engineer.
ing, P.O. Box 39040, Tel Aviv 69978, lerae.

The fundermental solution is a result of several
different analytical methods.  To date, only a com-
parison of the scintiflation index and the spectrum
of intensity fluctuations (or equivalently the corre-
lation function) has been made, with numerical
simuiation and experimental data. We extend the
comperison of the two-ecale results to the full
spatial behavior of the fourth moment. We com-

typical scales of the fourth moment's evohstion are
present.

Properties such as symmevy/asymmetry and
decorrelation are aleo Clearly dispiayed. (12 min)

M7 Complex anguier mementum anguler @is-
tributions fer Mie scaliering in the metallic limit

H. M. NUSSENZVEIG, PUC/RJ Physics Depert-
ment, C. P. 3807 1. Rio de Janeiro, RJ, Brazii; W. J.
WISCOMBE, NASA Goddard Spece Flight Center,
Greenbeit, MD 20771,

The full anguiar distributions for scettering of a
monochromatic plans wave by a perfectly con-
ducting sphere, obtained by numerical summation
of the exact partial wave expansion, are compared
with the predictions of compiex anguiar momen-
tum (CAM) theory. The size parameter x = ks
(where k = wavenumber, & = sphere radius)
ranges from large values down 1o values of order
unity, 10 determine the imits of applicability of
CAM theory. A compiete set of scattering deta,
|.9., the polarized intensities and the phase differ-
once between the two polerizations. is plotted.

In the penumbra region, beyond the forward
diffraction peak (Airy pattern) and up to scattering
angies @ of order x~ V2, CAM theory jeeds (0 a new
and improved version of Fock's theory of diffrac~
tion, the uniform Fock approximation. Beyond
this region, scattering is dominated by the WK8
approximation, but surface-wave contributions
aiso play an important role, especially in the iower
range of values of x and §.

The asymptotic predictions of CAM theory are in
excellent agreement with the exact anguiar scat-
tering patterns. (12 min)

FL8 Loss of image resolution In haze and dust

P. L. WALKER. U.S. Navai Weapons Center, Ching
Lake, CA 93555.

Scattering of light by particulate matter in the
atmosphere generates a giow or aureol around
pointiike sources, such as street lights seen froma
distance. A scene can be thought of as an ensem-
ble of pointlike sources or pixels, sach having an
awreol associated with it. This phenomena
causes images of the scene t0 be smeared. hence,
the presence of the scatterers in the path of props-
gation causes 10ss of image resolution. A compu-
tational method was previously reported’ whereby
a Monte-Cario code coupled with an optics design
program was used t0 generate aurecis at the wmn-
age plane of a detector. This procedurs now
includes a Gaussian MTF for the camera, 30 that
the optics of a camera operating In a scattering
environment can be completely simulated.

Aureols generated by this method are compared
with those by an analytical method proposed by
Lutomirski.2 1t ls determined in what conditions of
optical depth and peskedness o! phase function
the two methods give the same results. in a 1981
peper Kopeka ot al.? 0besrved enhanced propage-
tion with increasing wavelengihs in 1he near 1o mid
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B10-4 BACKSCATTERING ENHANCEMENT FOR RANDOM DISCRETE
0940 SCATTERERS OF MODERATE SIZE
Leung Tsang and Akira Ishimaru
Department of Electrical Engineering
University of Washington
Seattle, Washington 98195

Backscattering enhancement for random discrete
scatterers was previously studied by calculating the
contributions of cyclical scattering terms in multiple
scattering processes. The method was applied to the case of
small particles, where (t was shown that the cyclical
scattering processes exhibit a peak in the backscattering
direction with angular width 2K"/K' with K' and K" being the
real and imaginary parts of the effective propagation
constant. In this paper, the method is extended to the case
of scatterers comparadle to or larger than a wavelength.
The problem of a plane wave normally incident on a half
space of dielectric spheres is considered. The problem is
of particular interest because Desides the peak due to
cyclical scattering, there can also be a peak due to single
scattering in the Mie phase function. Numerical results are
illustrated as a function of particle size and
concentration. The relative importance of the two peaks
will be discussed,
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CONVENTIONAL AND NEW RADIATIVE TRANSFER EQUATIONS FOR
VOLUME SCATTERING IN GEOPMYSICAL MEDIA

Leung Tsang and Boheng Wen
Department of Electrical Engineering
University of Washington
Seattle, Washington 9819%

Recently, a set of nev radiative transfer equations has been
derived from wave theory for electromagnetic wave propagation in
dense geophysical media. The asotivation is that conventionsl
transfer equations assuse independent scattering which 1s not valig
in dense sedia. The differences bDetween the conventional and new
transfer equations will bde discussed. The new equations stili
preserve the advantages that (i) wmultiple socattering of the
inconerent intensities are included, (ii) energy conservation and
reciprocity are obeyed, and (1ii) the fora of the equations remsins
the same as the conventiondl transfer equations s0 that numerical
solutions are calculated in the sase manner, In addition, the
dense media transfer equation takes (nto account (i) scattering by
correlated scatterers, (1i) pair-distridution function of scatterer
positions, and ({11) the effectlive propagation constant of a dense
sedius. In this paper, we al8Q 370w numerical results dased on the
new transport equations using -he physical paraseters of the
terrain medla and compare them w.-.h that of the conventional theory
and experimental data Ln DOLR act.ve and pasaive reamote sensing.
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Polarimaywic Signamses and inhsrent Geophysical
Informetion ia Remow Senting of Naseral Media
»w
Dals P. Winshrosner
Applisd Pirysics Labormory
University of Washington
1013 NE. 40h Swent
Seastie, WA 98105
(206)343-6613

u-.hq-‘u-.w-
Departmont of Blgcwical
Univarsity of Washingson
Seattls, WA 98195
(206)343-6188

Abstract

We investigas the polarization properties of the scansred flsid according to & discrets
scatisrer model.  This modsl can apply 10 & number of natural media; in particular, we use it to
m&s&-nﬂmﬂmmunbmc-m We discuss pomntial ways to infer

of the scanering medium model uting compiew information sbout the
polarization of the scanered field (e.g., position of polarization nulls and degres of polarization),
especially in cases where like- and cross-polanzed backscatter cross sections alons do not
provide much geophysical information. Although *he scamering model used in this intial
investigation may bs somewhst oo simple to predict detziled, quandtative polarization
properties of sea ice, it does provids considerable insight and guidance in choosing polarimetric
quantities 1o examine as data of this kind bocome available.







